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Calcium-Stimulated Adenylyl Cyclase Activity
Is Critical for Hippocampus-Dependent
Long-Term Memory and Late Phase LTP
of them are due to defects in the cAMP pathway: amne-
siac, a putative adenylyl cyclase±activating peptide
(Feany and Quinn, 1995); dunce, a cAMP phosphodies-
terase (Chen et al., 1986); rutabaga, a Ca21-stimulated
adenylyl cyclase (Livingston et al., 1984); and DCO, a
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cAMP-dependent protein kinase (Foster et al., 1984). InUniversity of Washington School of Medicine
addition, induction of a dominant-negative form of theSeattle, Washington 98195
cAMP response element (CRE)±binding protein (CREB)²Departments of Pediatrics
in Drosophila blocks memory formation (Yin et al., 1994),and Molecular Biology and Pharmacology
whereas induced expression of an activator isoform ofWashington University School of Medicine
dCREB2 enhances LTM formation (Yin et al., 1995). Fur-St. Louis, Missouri 63130
thermore, cAMP-dependent protein kinase (PKA) and
apCREB contribute to both short- and long-term presyn-
aptic facilitation in mechanosensory neurons of Aplysia,Summary
another invertebrate model for learning and memory
(Bartsch et al., 1998).It is hypothesized that Ca21 stimulation of calmodulin
cAMP signaling is also critical for some types of LTM(CaM)±activated adenylyl cyclases (AC1 or AC8) gen-
and synaptic plasticity in vertebrates including LTP (forerates cAMP signals critical for late phase LTP (L-LTP)
reviews, see Silva et al., 1998; Tully, 1998). LTP in theand long-term memory (LTM). However, mice lacking
hippocampus is a usage-dependent increase in synap-either AC1 or AC8 exhibit normal L-LTP and LTM. Here,
tic efficacy that may be an appropriate electrophysiolog-we report that mice lacking both enzymes (DKO) do
ical model for learning and memory (for reviews, seenot exhibit L-LTP or LTM. To determine if these defects
Malenka, 1994; Stevens, 1998). LTP can be subdividedare due to a loss of cAMP increases in the hippocam-
into two temporally and mechanistically distinct forms:pus, DKO mice were unilaterally cannulated to deliver
an early phase LTP (E-LTP), independent of increasedforskolin. Administration of forskolin to area CA1 be-
gene transcription, and a late phase LTP (L-LTP) thatfore training restored normal LTM. We conclude that
requires cAMP and de novo gene transcription (Frey etCa21-stimulated adenylyl cyclase activity is essential
al., 1991, 1993). Memory can also be divided into at leastfor L-LTP and LTM and that AC1 or AC8 can produce
two mechanistically distinct forms: short-term memorythe necessary cAMP signal.
(STM), lasting minutes to hours, and LTM, persisting for
days or longer (Goelet et al., 1986; Tully et al., 1994). LTMIntroduction
depends upon activation of Ca21 and/or cAMP signaling
(Livingston et al., 1984; Silva et al., 1992a; Wu et al.,
The central nervous system has the extraordinary ca-
1995) as well gene expression (Squire and Barondes,
pacity to process and store enormous amounts of
1973; Tully et al., 1994). A role for cAMP in L-LTP and
information. Consequently, there is intense interest in hippocampus-dependent memory is strongly supported
the mechanisms that underlie learning and memory in by recent transgenic mice studies that showed that a
vertebrates (Dubnau and Tully, 1998) as well as the re- reduction in PKA activity causes defects in L-LTP, spa-
lationships between synaptic plasticity and memory tial memory, and long-term contextual fear conditioning
(Collingridge and Bliss, 1995; Stevens, 1998). Since the (Abel et al., 1997). One of the transcriptional pathways
introduction of genetic analysis to cognitive neurosci- implicated in L-LTP and LTM is the CREB/CRE transcrip-
ence, attempts to distill memory to its molecular compo- tional pathway. For example, the stimulus paradigm that
nents have focused heavily on the signal transduction induces L-LTP and training for contextual or passive
pathways that mediate synaptic plasticity in the hippo- avoidance learning both stimulate CRE-mediated tran-
campus and other areas of brain. Although a number of scription and CREB phosphorylation in the hippocam-
signal transduction pathways are implicated in neuronal pus of mice (Impey et al., 1996, 1998b). Since cAMP
plasticity, there is increasing evidence that cross-talk increases are obligatory for Ca21 stimulation of CRE-
between the Ca21, Erk/MAP kinase, and cAMP regula- mediated transcription in hippocampal neurons (Ginty
tory pathways may play a pivotal role for some forms et al., 1991; Impey et al., 1998a), PKA activation may
of synaptic plasticity and memory formation (Wu et al., play a key role for LTP and LTM by contributing to the
1995; Xia and Storm, 1997; Atkins et al., 1998; Impey et expression of a family of genes regulated through the
al., 1998a; Storm et al., 1998). CREB/CRE transcriptional pathway.
The importance of the cAMP signal transduction sys- Activation of NMDA receptors or stimulus paradigms
tem for learning and memory was first demonstrated in that generate LTP increase cAMP in area CA1 of the
invertebrate models for associative learning. Character- hippocampus (Chetkovich et al., 1991). How does acti-
ization of Drosophila memory mutants revealed that four vation of glutamate receptors in the hippocampus lead
to increased cAMP? To date, genes for ten adenylyl
cyclases have been cloned, nine of which are expressed³ To whom correspondence should be addressed (e-mail: dstorm@
in the hippocampus. These enzymes exhibit remarkableu.washington.edu).
§ These authors contributed equally to this work. regulatory diversity and provide several mechanisms for
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Figure 1. Ca21-Stimulated Adenylyl Cyclase Activity Is Ablated in Brains of DKO Mice
(A and B) Membrane preparations from the hippocampus (A) or cerebellum (B) of wild-type (WT, closed circles; n 5 9), AC1 (ACI-M, open
triangles; n 5 5), AC8 (AC8-M, closed diamonds; n 5 5), or DKO mutant mice (open circles; n 5 15) were assayed for Ca21-stimulated adenylyl
cyclase activity as described in the Experimental Procedures.
(C) Forskolin-stimulated adenylyl cyclase from hippocampal (shaded bars) and cerebellar (dark, hatched bars) membranes prepared from
wild-type and DKO mice.
(D) Ca21-stimulated adenylyl cyclase activity in whole DKO brain preparations in the presence (hatched bars) or absence (dark, shaded bars)
of 320 nM free Ca21.
glutamate receptor stimulation of cAMP. For example, activity that is dependent upon CaM (Westcott et al.,
1979; Villacres et al., 1995). Of the ten known adenylylCa21 activates AC2, AC3, and AC5 through protein ki-
nase C (Choi et al., 1993; Jacobowitz et al., 1993). Fur- cyclases, only AC1 and AC8 are stimulated by Ca21/
CaM, although there may be other CaM-stimulated ade-thermore, the release of G protein bg subunits upon
activation of metabotropic glutamate receptors stimu- nylyl cyclases that have not yet been discovered. To
evaluate the contribution of AC1 and AC8 to Ca21-stimu-lates AC2 and AC4 (Tang and Gilman, 1991; Gereau
and Conn, 1994), both of which are expressed in the lated adenylyl cyclase in mouse brain, adenylyl cyclase
activities in membranes from AC1, AC8, and DKO mutanthippocampus (Baker et al., 1999). The most direct mech-
anism for coupling NMDA receptor activation to cAMP mice were compared to wild-type mice. Ca21-stimulated
adenylyl cyclase activity in the hippocampus from AC1increases is through Ca21 activation of one of the cal-
modulin (CaM)±stimulated adenylyl cyclases, AC1 or or AC8 single mutants was depressed 50% and 30%,
respectively (Figure 1A). In the cerebellum, Ca21-stimu-AC8. However, transgenic mice lacking AC1 (Wu et al.,
1995) or AC8 both show L-LTP in area CA1 of the hippo- lated activity was depressed approximately 50% in each
single mutant (Figure 1B). In contrast, DKO mutants hadcampus, suggesting that CaM-stimulated adenylyl cy-
clase activity is unnecessary for L-LTP. To assess the no measurable Ca21-stimulated adenylyl cyclase activity
in the hippocampus or cerebellum at any concentrationimportance of the CaM-stimulated adenylyl cyclases for
L-LTP and LTM, we made a transgenic mouse strain in of free Ca21 examined. There was, however, consider-
able forskolin-stimulated adenylyl cyclase activity in thewhich the genes for AC1 and AC8 were both disrupted
(DKO mice). cerebellum and hippocampus of DKO mice, consistent
with the expression of other adenylyl cyclases in these
regions of brain (Figure 1C). Membranes prepared fromResults
whole brain extracts of DKO mice were also devoid of
Ca21-stimulated adenylyl cyclase activity (Figure 1D).AC1 and AC8 Are the Only CaM-Stimulated
This leads us to conclude that there are no other Ca21-Adenylyl Cyclases in Brain
stimulated adenylyl cyclases expressed in brain, and noMembrane preparations isolated from whole brain or
compensating mechanisms to restore this activity whenspecific areas of brain including the hippocampus and
cerebellum express Ca21-stimulated adenylyl cyclase the genes for AC1 and AC8 are both disrupted.
Ca21-Stimulated Adenylyl Cyclases in LTM and LTP
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Figure 2. Hippocampal Morphology of Wild-
Type and DKO Mice
(A and B) Giemsa staining for cell bodies in
the hippocampal formation of wild-type (A) and
DKO (B) mice. Areas CA1 and CA3 as well as
the dentate gyrus, DG, are indicated (A).
(C±F) Timm's staining for mossy fiber pro-
cesses in the DKO mice (D and F) and wild-
type mice (C and E). Representative 43 (C
and D) and 103 (E and F) magnified sections
are displayed. PoDG, polyform layer of the
dentate gyrus; MF, mossy fiber tract.
Scale bar, 1 mm.
Morphology of the Hippocampus in DKO Mice DKO mutant mice is intact. Paired pulse facilitation in
DKO mice was indistinguishable from wild-type mice atIs Normal
To determine if the ablation of Ca21-stimulated adenylyl all time intervals measured (Figure 3A). This suggests
that the initial probabilities of transmitter release in DKOcyclase activity causes neuroanatomical abnormalities
in the hippocampus, we compared coronal sections and wild-type mice are comparable. An input±output
curve was constructed by taking the ratio of the fieldfrom DKO and wild-type brains using two histological
dyes: Giemsa, to stain cell bodies, and Neo-Timm's, excitatory postsynaptic potential (fEPSP) and the post-
synaptic fiber volley (fv) over a range of stimulusfor staining zinc containing processes. Giemsa staining
patterns in wild-type mice (Figure 2A) were indistin- strengths (Figure 3B). A constant ratio through a set of
stimulus strengths generally indicates a direct relation-guishable from DKO mice (Figure 2B) at 43 magnifica-
tion. Hippocampal morphology in the DKO hippocampal ship between input stimulus and output response. The
fEPSP/fv ratios for wild-type (1.683 6 0.17 s21) and DKOsections were intact and lacked any obvious malforma-
tions. The Neo-Timm's stain was used to evaluate the mice (1.585 6 0.063 s21) slices were comparable, indi-
cating that the DKO and wild-type hippocampal slicesintegrity of some of the finer detail within the hippocam-
pus; it effectively stains the polyform layer of the dentate behave similarly to input current.
AC1 or AC8 mutant mice exhibited L-LTP with angyrus (PoDG) as well as the mossy fiber track (MF) that
synapses with the CA3 region of the hippocampus. The increase in percentage field EPSP slope that persisted
for 3 hr or longer following tetanus (Figure 3C). AlthoughTimm's stained sections of DKO mice (Figures 2D and
2F) demonstrate that the mossy fiber projections are the average increase in percentage field EPSP slope
appeared somewhat lower in AC8 mutant animals com-intact and extend properly to the CA3 region, in a similar
pattern as wild-type mice (Figures 2C and 2E). Higher pared to wild type (166% 6 21% versus 188% 6 11%),
the difference was not statistically significant. We weremagnification of Giemsa and Neo-Timm's stained sec-
tions showed comparable cell densities in the dentate unable to generate sustained L-LTP in hippocampal
slices from any of the DKO mice and a significant decre-gyrus and pyramidal cell layers of DKO and wild-type
sections, with no obvious abnormalities in the mossy ment in fEPSP slope was observed at all times after
tetanus (p , 0.001). LTP from DKO brain slices droppedfiber density (data not shown). Electrophysiological
measurements described below also indicated that within 80 min. Interestingly, DKO mice exhibited E-LTP;
only transcriptionally dependent L-LTP was severely im-there are no major developmental defects in the hippo-
campus of DKO mutant mice. paired.
The loss of L-LTP in DKO mice, but not in the single
AC1 or AC8 mutants, suggests that Ca21-stimulated ad-L-LTP Is Disrupted in DKO Mice
Paired pulse facilitation and input±output relationships enylyl cyclase is obligatory for L-LTP and that either
AC1 or AC8 can generate the necessary cAMP signal.in wild-type and DKO hippocampal slices were com-
pared to determine if basal synaptic transmission in To characterize the loss in L-LTP, we examined the
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Figure 3. DKO Mice Have a Defect in L-LTP
(A) Paired pulse facilitation in wild-type and
DKO mutant mice. Percent facilitation, mea-
sured by taking the ratio of the second fEPSP
slope over the first fEPSP slope between 30
ms to 150 ms, was quantitated. No significant
differences in paired pulse facilitation were
observed between DKO mice (open circles;
n 5 8 mice, 13 slices) and wild-type mice
(closed circles; n 5 5 mice, 10 slices) samples
(at 30 ms and 50±150 ms, p . 0.5).
(B) The ratio of field EPSP slope to fiber volley
(fv) amplitude, acquired over a range of stimu-
lus strengths, was used as another measure
of basal synaptic transmission. The rate of
stimulus was one stimulus per 120 s. The dif-
ference between wild-type (closed bar; n 5
6 mice, 13 slices) and DKO (open bar; n 5
5 mice, 10 slices) ratios (p . 0.5) was not
significant.
(C) L-LTP was induced in AC1 mutant
(AC1-M, shaded triangles; n 5 9 mice, 17
slices) and AC8 mutant mice (AC8-M, open
diamonds; n 5 13 mice, 25 slices) slices by
four tetanic trains of 100 Hz (200 ms, 6 s apart)
stimulus. There was no statistically signifi-
cant difference between the mean fEPSP of
AC1-M and AC8-M mutant mice 180 min after
tetanization (p . 0.28). Representative fEPSP
traces taken from area CA1 in AC1-M and
AC8-M slices at 1 min and 180 min after tetani
are shown in the insets. Each trace is super-
imposed over a baseline trace taken 2 min
before tetani for ease of comparison. Scale
bar, 1 mV, 10 ms.
(D) L-LTP could not be evoked in DKO mice.
Wild-type mice (closed circles; n 5 13 mice,
26 slices) preparations gave an L- LTP lasting
up to 180 min, whereas potentiation in the
DKO (open circles; n 5 8 mice, 19 slices)
preparations declined to near baseline values
within 80 min. Representative fEPSP traces
taken from area CA1 in wild-type and DKO
brain slices at 1 min and 180 min after tetani
are shown in insets. The dashed lines (C and
D) represent an arbitrary cutoff (120%), below
which potentiation was considered to be near
baseline. Scale bar, 1 mV, 10 ms.
effect of forskolin on synaptic activity using hippocam- mice show normal hippocampal morphology and basal
synaptic transmission.pal slices from wild-type and DKO mutant mice. Applica-
tion of forskolin causes a persistent increase in fEPSP
slope that mimics L-LTP (Huang et al., 1994; Weisskopf Ca21-Stimulated Adenylyl Cyclase Activity Is Required
for Hippocampus-Dependent LTMet al., 1994; Impey et al., 1996) and occludes further
increases in field EPSP slope caused by electrophysio- DKO mutant mice were analyzed for several forms of
hippocampus-dependent LTM including passive avoid-logical stimulation. Bath application of forskolin led to
stable increases in fEPSPs in both wild-type and DKO ance (Stubley Weatherly et al., 1996) and contextual
memory (Logue et al., 1997). Since these learning para-hippocampal slices (153% 6 24% and 149% 6 19%,
respectively) that lasted for at least 2 hr (Figure 4). Wild- digms all depend upon the ability of the mouse to detect
a foot shock, which serves as an aversive cue, it wastype and DKO synaptic potentiations induced by for-
skolin were comparable in magnitude and induction ki- important to determine if DKO mice differ from wild-
type mice in their sensitivities to foot shocks of varyingnetics. Presumably, forskolin treatment bypasses the
requirement for Ca21-dependent initiation of LTP by ro- intensities (Figure 5A). The stimulus thresholds for flinch-
ing, jumping, and vocalizing for the wild type and DKObustly activating other isoforms of adenylyl cyclase in
DKO hippocampal neurons (Figure 1C). These data indi- mutants were statistically indistinguishable. Therefore,
any differences in LTM between wild-type and DKO micecate that the disruption of both the AC1 and AC8 genes
does not lead to indirect developmental defects in signal using a foot shock as a cue are not due to altered shock
sensitivity.transduction components downstream from the cAMP
signal and are consistent with the observations that DKO During passive avoidance training, mice were trained
Ca21-Stimulated Adenylyl Cyclases in LTM and LTP
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Figure 4. Phenotypic Rescue of L-LTP in
DKO Brain Slices by Forskolin
Forskolin induced potentiation in hippocam-
pal slices from wild type (closed circle; n 5
4 mice, 8 slices) and DKO mutants (open cir-
cle; n 5 3 mice, 7 slices). Forskolin (50 mM)
was perfused in ACSF for 25 min, as indicated
by the horizontal bar. DKO and wild-type
slices showed comparable levels of potentia-
tion after forskolin application.
to refrain from moving from the lighted to the darkened context for 24 hr, they demonstrated a marked decrease
(z43%) in freezing behavior compared to wild-type micesection of a conditioning chamber by delivering a foot
shock when they entered the darkened side. Learning after 8 days. This indicates that DKO mice are not able
to remember contextual learning as well as wild-typeand memory was assessed by comparing the latency
of ªstep throughº in a training trial to that in a test trial mice. Although passive avoidance and contextual mem-
ories both depend upon the hippocampus, the differ-carried out after training. Following one training session,
wild type, AC1 mutants, and AC8 mutants learned to ences in the severity of memory loss for the two forms
of learning in DKO mutant mice suggest that there areassociate stepping through to the darkened chamber
with the foot shock (Figures 5B and 5C). This was re- underlying mechanistic differences.
To determine if DKO mice are generally deficient inflected as a greatly enhanced step through latency mea-
sured 30 min, 24 hr, or 8 days later. DKO mice also learning, they were analyzed for cued learning and mem-
ory that depends upon the amygdala but not the hippo-exhibited passive avoidance learning but a memory defi-
cit that was evident as early as 30 min after training campus (Kim and Fanselow, 1992; Paylor et al., 1994).
In this paradigm, mice were conditioned to fear an other-(Figure 5B). This memory defect for passive avoidance
learning was also evident when DKO mice were tested wise innocuous tone by pairing it with a foot shock.
When presented with the tone in a novel environment,24 hr and 8 days after training (1.4 6 0.41 min and 1.9 6
0.50 min) compared to wild-type mice (4.7 6 0.31 min wild-type cue-trained mice spent a significantly higher
percentage of time freezing in response to the tone thanand 5.2 6 0.29 min). Since the DKO mice learn normally,
performance factors such as perception and pain sensi- untrained mice (Figure 6B). The AC1, AC8, and DKO
mice all showed normal cued learning and memory thattivity are intact. The DKO latencies at 24 hr and 8 days
were significantly lower than the wild type or the single persisted for at least 8 days. These data suggest that
the DKO mice show a selective defect in memory formutants (analysis of variance [ANOVA], p , 0.001).
These data indicate that Ca21-stimulated adenylyl cy- hippocampus-dependent learning and are not generally
defective in memory.clase activity is dispensable for passive avoidance
learning but is required for normal passive avoidance
LTM. Apparently either AC1 or AC8 can generate the Restoration of LTM for Passive Avoidance Learning
by Administration of Forskolin to Area CA1required cAMP signal. The small amount of residual LTM
for passive avoidance learning at 24 hr and 8 days after of DKO Mice
We cannulated DKO mice to deliver forskolin to areatraining in DKO mice may reflect contributions from
other adenylyl cyclases or a component of memory that CA1 of the hippocampus during training to determine if
the defect in passive avoidance learning is due to thedoes not depend upon cAMP. Nevertheless, it is clear
from the data that Ca21-stimulated adenylyl cyclases loss of a cAMP signal required for learning. Cannulation
of wild-type or DKO mice, without drug administration,play the major role in generating cAMP signals required
for LTM. did not alter passive avoidance learning. Verification of
the cannula placement and forskolin penetration to areaTo ascertain if DKO mice are deficient in other forms of
hippocampus-dependent memory, they were examined CA1 was done by infusing bodipy forskolin, a fluores-
cent-labeled forskolin, into the brains of DKO mice. Bod-for contextual learning. Contextual learning is character-
ized by the association of a normally innocuous context ipy forskolin penetrated to area CA1 only on the cannu-
lated side of the brain (Figure 7A). To determine ifwith an aversive stimulus, in this case, a foot shock (Kim
and Fanselow, 1992; Logue et al., 1997). Mice that learn forskolin delivered by cannulation is sufficient to acti-
vate the CREB/CRE transcriptional pathway, a CRE±to associate the conditioning chamber with the shock
show increased freezing during subsequent exposures lacZ reporter mouse strain (Impey et al., 1996) was also
cannulated. CRE-mediated gene transcription was usedto that chamber. Wild type, AC1 mutants, and AC8 mu-
tants all exhibited strong contextual learning and mem- to confirm that forskolin increased cAMP in area CA1.
Forskolin caused a significant increase in CRE-mediatedory that persisted for at least 8 days (Figure 6A). Al-
though DKO mice learned to associate the conditioning transcription in the CA1 pyramidal cell body layer com-
pared to vehicle controls (Figures 7B and 7C). Forskolincontext with the foot shock and remembered the training
Neuron
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Figure 5. DKO Mice Are Deficient in LTM for Passive Avoidance
Learning
(A) Sensitivity of wild-type (closed bars, n 5 10) and DKO mice (open
bars, n 5 10) to foot shock was evaluated to determine the threshold
current required to evoke the following stereotypical behaviors:
flinch, jump, and jump 1 vocalization.
Figure 6. DKO Mice Are Deficient in LTM for Contextual Learning(B) Wild-type (closed bars, n 5 9) and DKO (open bars, n 5 14)
but Exhibit Normal Cued Learning and Memorymutant mice were submitted to passive avoidance training as de-
(A) Wild type (n 5 15), AC1 (n 5 19), AC8 (n 5 19), and DKO (n 5scribed in the Experimental Procedures and analyzed for short-term
15) mutants were trained for contextual learning and tested 24 hrmemory at 5 min and 30 min. DKO mice exhibited comparable cross-
and 8 days after training. DKO mice showed a significant impairmentover latencies at 5 min, whereas at 30 min DKO mutant mice exhibit
in memory for contextual learning compared to wild-type mice aftera statistically significant deficit (p , 0.002).
8 days (F3,68 5 6.45; p , 0.001) but not after 24 hr. ANOVA analysis(C) Wild-type (n 5 23), ACI (n 5 21), AC8 (n 5 26), and DKO (n 5 19)
revealed a significant difference in the freezing of DKO mice mea-mutant mice were then submitted to passive avoidance. Pretrained
sured at 24 hr and 8 days (F7,130 5 3.74; p , 0.001).mice (closed bars), 24 hr±naive (nonshocked controls; open,
(B) Cued fear-conditioning training revealed no significant differ-hatched bars), 24 hr±trained (shocked animals; open, stippled bars),
ences between DKO and wild-type mice, AC1 mutants, or AC8and 8 day±trained (shocked animals; open bars). DKO mice showed
mutants at 24 hr (F3,34 5 1.33; p . 0.27) or 8 days after trainingmarked differences in cross-over latencies at 24 hr (F3,85 5 23.35,
(F3,34 5 0.47; p . 0.70).p , 0.001) and 8 days (F3,85 5 21.77, p , 0.001) compared to wild
type or the single mutants.
in the vehicle-treated DKO controls were indistinguish-infusion also increased adenylyl cyclase activity relative
able from uncannulated DKO mice. These data indicateto a vehicle control in both wild-type and DKO mice
that the passive avoidance memory defect in DKO mice30% 6 2% and 43% 6 12%, respectively (Figure 7D).
can be overcome pharmacologically by increasingSince the entire hippocampus was assayed for adenylyl
cAMP in area of CA1 during training. We conclude thatcyclase activity, the local cAMP increase in area CA1
the DKO mice are not generally deficient in other signal-was likely greater than 30%±40%.
ing components important for passive avoidance learn-Forskolin or vehicle was administered to DKO mice
ing and that the primary defect is the loss of cAMP15 min before passive avoidance training, and the mice
signaling required for LTM. These data also indicate thatwere tested 24 hr and 8 days later (Figure 7E). DKO
the LTP and memory defects exhibited by DKO miceanimals treated with forskolin demonstrated a signifi-
are not due to subtle differences in genetic backgroundcantly higher cross-over latency at both 24 hr (4.3 6
between the mutants and wild-type mice.0.47 min, p , 0.001) and 8 days (4.77 6 0.24 min, p ,
0.05) compared to vehicle-treated mice (1.28 6 0.51 and
2.2 6 0.18 min). Forskolin-treated DKO mice showed Discussion
memory for passive avoidance learning at 24 hr and 8
days that was comparable to wild-type mice (4.7 6 0.34 Although the relationships between L-LTP and LTM
have not been fully defined, both depend on de novoand 5.2 6 0.29). Passive avoidance learning and memory
Ca21-Stimulated Adenylyl Cyclases in LTM and LTP
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Figure 7. Administration of Forskolin to Area
CA1 of DKO Mice Restores LTM for Passive
Avoidance Learning
(A) Bodipy forskolin (2 mM, 0.5 ml) infusion
into the CA1 region of the hippocampus was
visualized by confocal microscopy. Forskolin
diffused from the site of injection (white
arrows) to the CA1 region of the cannulated
half of the hippocampus. Presented here is a
coronal section from a representative animal
(43 magnification; scale bar, 1 mm). CA1,
CA1 hippocampus; CA3, CA3 hippocampus;
DG, dentate gyrus; and CTx, cerebral cortex.
(B and C) CRE±lacZ mice were cannulated
and used to monitor the effect of forskolin
administration on CRE-mediated transcrip-
tion in area CA1. Magnified images (203) of
CA1 pyramidal neurons from animals infused
with either forskolin (B) or vehicle (C) are pre-
sented.
(D) Adenylyl cyclase assays were performed
on membranes prepared from hippocampi
excised from either wild-type or DKO mice to
determine if forskolin administered by cannu-
lation increases adenylyl cyclase activity in
the hippocampus at 15 min. Animals were
sacrificed immediately after forskolin infu-
sion, their brains were isolated, and mem-
branes were prepared from the hippocampus
and cerebellum. Forskolin infusion (hatched
bars) significantly stimulated adenylyl cy-
clase activity in both wild-type (p , 0.001)
and DKO (p , 0.001) hippocampi compared
to vehicle controls, 3% DMSO (shaded bars).
(E) The effect of forskolin infusion on passive
avoidance learning using DKO mice. Passive
avoidance training was carried out in the
presence of 240 mM forskolin (n 5 10) or con-
trol vehicle (3% DMSO, n 5 4). Forskolin or
vehicle (3% DMSO) was administered to the
mice 15 min before passive avoidance train-
ing, and mice were tested 24 hr and 8 days
later.
transcription and the cAMP regulatory system, sug- brains of DKO mice made it possible to unambiguously
evaluate the role of this enzyme activity for L-LTP andgesting that there may be a common underlying mecha-
nism. A mechanistic relationship between L-LTP in area LTM.
CA1 and LTM is supported by the data reported in this
study and other research showing that defects in L-LTP DKO Mice Have a Selective Defect in L-LTP
and Memory for Hippocampus-correlate with loss of LTM (reviewed in Milner et al.,
1998). A key unanswered question is the mechanism for Dependent Learning
Ablation of the gene for either AC1 or AC8 did not seri-generation of cAMP signals required for modulation of
synaptic plasticity and memory formation. In principle, ously alter L-LTP at the Schaffer collateral/CA1 synapse,
LTM for passive avoidance learning, or contextual learn-inhibition of cAMP phosphodiesterases, stimulation of
adenylyl cyclases, or a combination of both could pro- ing. DKO mice, however, showed no L-LTP and were
deficient in memory for passive avoidance and contex-vide the cAMP increase. Since L-LTP and LTM are initi-
ated by an intracellular Ca21 increase, Ca21-inhibited tual learning. The defect in passive avoidance LTM was
the most pronounced; memory impairment was evidentphosphodiesterases or Ca21-activated adenylyl cy-
clases are possible candidates for generation of cAMP 30 min after training. Deficiencies in contextual memory
were not evident at 24 hr but were detected 8 days aftertransients needed for synaptic plasticity. In this study,
we explored the hypothesis that Ca21 stimulation of ade- training. The difference in kinetics for memory loss when
DKO mice were trained for passive avoidance and con-nylyl cyclases provides cAMP increases necessary for
L-LTP and LTM. Although there are several mechanisms textual learning suggests that these two forms of learn-
ing use different neural pathways. This is consistentfor Ca21 activation of adenylyl cyclases, the most direct
mechanism is through the CaM-activated adenylyl cy- with lesioning studies that show that disruption of the
entorhinal cortex interferes with passive avoidance learn-clases (Westcott et al., 1979). The absence of any de-
tectable Ca21-stimulated adenylyl cyclase activity in the ing but not contextual learning (Phillips and LeDoux, 1995;
Neuron
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Good and Honey, 1997). In addition, training for con- fornix provides the major connections of the hippocam-
pus with subcortical forebrain structures, these lesiontextual learning only stimulates CRE-mediated tran-
scription in areas CA1 and CA3 (Impey et al., 1998b). studies provide further evidence for a bilateral functional
redundancy in the hippocampal system.In contrast, passive avoidance learning activates CRE-
mediated transcription in areas CA1, CA3, and the DG,
suggesting that signaling through all three areas is re-
quired for passive avoidance memory. Although we do The Role of cAMP for L-LTP and LTM
Why are cAMP increases and PKA activation requirednot know why DKO mice exhibit much faster loss in
memory for passive avoidance learning compared to for L-LTP and LTM? Even though transcriptional events
underlying L-LTP and LTM have not been fully defined,contextual learning, it may be because signaling through
the perforant pathway is required for passive avoidance the CREB/CRE transcriptional pathway has several
properties that implicate it in L-LTP and LTM. Coactiva-memory.
We hypothesize that lack of L-LTP and the memory tion of Ca21 and cAMP signaling synergistically in-
creases CRE-mediated gene expression in neuronsdefects are due to the loss of Ca21 stimulation of adenylyl
cyclase in area CA1 of the hippocampus. This interpreta- (Sheng et al., 1990; Impey et al., 1998a). In addition,
CRE-mediated transcription is increased followingtion is supported by experiments that showed that ad-
ministration of forskolin to area CA1 restored normal L-LTP (Impey et al., 1996), as well as contextual and
passive avoidance learning (Impey et al., 1998b). Fur-L-LTP and passive avoidance memory to DKO mice. In
these experiments, forskolin increased cAMP levels in thermore, LTM, but not STM, is deficient in mice that
lack a- and d-CREB (Bourtchuladze et al., 1994; Koganarea CA1 on the cannulated-side of the hippocampus
because of the presence of other forskolin-stimulated et al., 1997). Recent evidence suggests that activation
of the Erk/MAP kinase cascade is obligatory for Ca21adenylyl cyclases in DKO mice. The recovery of L-LTP
and LTM in DKO mice by administration of forskolin to stimulation of CRE-mediated transcription in hippocam-
pal neurons and that the sequential activation of Erkarea CA1 suggests that cAMP can play a permissive
role for neuronal plasticity and that activation of other and Rsk2 by Ca21 leads to the phosphorylation and
transactivation of CREB (Impey et al., 1998a). Moreover,pathways (e.g., the Erk/MAP kinase pathway) may pro-
vide the anatomic specificity required for L-LTP and inhibition of the Erk/MAP kinase pathway by MEK inhibi-
tors blocks both L-LTP (Impey et al., 1998a) and LTMLTM. This is consistent with recent studies implicating
the Erk/MAP kinase pathway for Ca21 activation of the (Atkins et al., 1998). Interestingly, the Ca21-induced
translocation of ERK to the nucleus requires activationCREB/CRE transcriptional pathway, L-LTP, and LTM
(reviewed in Impey et al., 1999). Treatment by forskolin of PKA. This may be one of the major reasons why
PKA activity is obligatory for the induction of CREB-alone can rescue L-LTP and LTM in the DKO mice be-
cause cAMP activates Erk/MAP kinase in neurons (Mar- dependent transcription by Ca21 in neurons and why
cAMP signaling is required for L-LTP and LTM.tin et al., 1997; Impey et al., 1998a). The results from our
study, however, do not preclude mechanisms wherein
L-LTP and LTM arise from coactivation of the cAMP
and Erk/MAP kinase pathways at specific synapses. It Ca21-Stimulated Adenylyl Cyclase Activity
Is Required for Several Types of LTPseems likely that the cAMP and Erk/MAP kinase path-
ways are costimulated in a synaptic specific manner by Most forms of LTP have a common requirement for
increased intracellular Ca21 initiated postsynapticallyCa21 during L-LTP and LTM.
It is interesting that LTM for passive avoidance learn- through NMDA receptors or presynaptically through
voltage-sensitive Ca21 channels. Although the mecha-ing was restored to DKO mice when forskolin was ad-
ministered by unilateral cannulation of the hippocam- nisms by which Ca21 enhances synaptic efficacy have
not been fully defined, Ca21 activates several proteinpus. We believe that cAMP was increased in only one
half of the hippocampus in these experiments because kinases including CaM-dependent protein kinases, Erk/
MAP kinase, and PKA. Furthermore, several forms ofadministration of fluorescent-labeled forskolin showed
no diffusion of the drug to the noncannulated side of synaptic plasticity including LTP at Schaffer collateral,
mossy fiber, and the medial perforant pathways are pos-the brain. Furthermore, CRE-mediated transcription was
only increased by forskolin right below the cannulation itively regulated by cAMP. This has lead to the general
hypothesis that Ca21-stimulated adenylyl cyclases maysite. This suggests that the mice remember passive
avoidance training when cAMP increases are generated be pivotal for specific types of LTP in the hippocampus
and other areas of brain (Xia and Storm, 1997).in only one-half of the hippocampus, providing that other
signal transduction pathways are intact. These data im- In support of this hypothesis, AC1 is required for full
expression of mossy fiber D-LTP (Villacres et al., 1998),ply that only half the hippocampus is required for consol-
idation of passive avoidance memory. This is consistent an NMDA-independent, presynaptic form of LTP. The
mechanism by which PKA activation causes a persistentwith other studies showing that rats subjected to unilat-
eral hippocampal lesions display normal T maze alterna- increase in glutamate release in mossy fibers is not
known, but PKA phosphorylation of Rab3A may contrib-tion (Douglas, 1975) and only a minor deficiency in the
Morris water maze (van Praag et al., 1998). Similarly, ute to PKA-mediated neurotransmitter release (Castillo
et al., 1997). This mechanism may not be limited toanimals with unilateral lesions of the fimbria fornix are
able to learn in a variety of spatial paradigms including LTP in the hippocampus since cerebellar parallel fibers
exhibit an LTP with properties similar to hippocampalthe Morris water maze (Spruijt et al., 1990) and the eight
arm radial maze (Sara et al., 1992). Since the fimbria mossy fiber LTP (Salin et al., 1996). Cerebellar LTP is
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forskolin, indicating that the phenotypic differences associated withindependent of NMDA receptors but dependent on ex-
DKO mice are due primarily to loss of Ca21-sensitive adenylyl cy-tracellular Ca21 and adenylyl cyclase activation. Inter-
clases activity and not to genetic background differences. Since itestingly, AC1 mice completely lack parallel fiber/Pur-
was not clear a priori that mice individually heterozygous for each
kinje cell LTP measured in dissociated neuron cultures allele would be identical behaviorally or electrophysiologically to
(Storm et al., 1998). Collectively, these studies suggest wild-type mice, we used wild-type controls rather than heterozygote
controls. Furthermore, since AC8 and AC1 have redundant func-that Ca21 stimulation of AC1 or AC8 may be a general
tions, animals doubly heterozygous could exhibit significant pheno-mechanism for regulation of synaptic plasticity in differ-
typic differences resulting specifically from decreased calcium-sen-ent areas of brain. Nevertheless, there are distinct mech-
sitive function. Mice doubly homozygous for the ACI and AC8 allelesanisms for regulation of synaptic plasticity by cAMP
were viable and fertile with an average litter size of 8±12 pups. These
including enhancement of neurotransmitter release pre- mice were well groomed and showed no overt sign of disease or
synaptically, as in mossy fiber LTP, or activation of the obvious morphological abnormalities. DKO gait and movement were
normal with no indication of tremor, seizure, or ataxia.CREB/CRE transcriptional pathway postsynaptically in
area CA1. Furthermore, there are other forms of cAMP-
Histologydependent LTP that do not depend upon AC1 or AC8.
Freshly dissected brains from wild-type or DKO mice were fixed inAmygdala LTP depends upon PKA (Huang and Kandel,
phosphate-buffered, 4% paraformaldehyde (10 hr), and then cryo-1998), but AC1 and AC8 are expressed at very low levels
protected in 30% sucrose (24 hr). Subsequently, sections (40 mm)
in the amygdala. Consequently, other adenylyl cyclases were stained with Giemsa dye for neuron cell counting. Neo-Timm's
may provide the necessary cAMP signal for amygdala staining was performed by the published method (Holm and Gen-
eser, 1991). Digital images were obtained using a Sony DKC5000LTP.
3CCD digital camera coupled to a Nikon eclipse E800 microscope.In summary, this study demonstrates that Ca21-stimu-
Images were acquired directly into Photoshop.lated adenylyl cyclase activity is required for L-LTP and
specific forms of hippocampus-dependent LTM. Also,
Adenylyl Cyclase Assaythese studies reveal the novel observation that a mem-
Excised brain regions from wild-type and mutant mice were assayed
ory defect in a transgenic mutant mouse strain can be for adenylyl cyclase activity as previously described (Storm et al.,
systematically overridden by administration of a drug 1998). Free Ca21 concentrations were calculated using the Bound
and Determined computer algorithm (Brooks and Storey, 1992). For-to a specific region of brain. These data indicate that
skolin (50 mM) was dissolved in ethanol and diluted 1:2000 in buffereither AC1 or AC8 may be useful drug target sites to
A prior to treatment. Adenylyl cyclase activity levels are the meansmodulate synaptic plasticity. In this respect, AC1 is par-
of triplicate determinations. Protein concentrations in the cell mem-ticularly interesting since it is neurospecific (Xia et al.,
branes were determined as described (Hill and Straka, 1988).
1991, 1993) and provides a pharmacological window
of opportunity to specifically increase cAMP in brain Electrophysiology
without perturbing cAMP-regulated processes in other Freshly dissected mouse brains were immediately placed in cold
(48C) artificial cerebrospinal fluid (ACSF; 120 mM NaCl, 3.5 mM KCl,organs.
1.3 mM MgCl2, 2.5 mM CaCl2, 1.25 mM NaH2PO4, 25.6 mM NaHCO3,
10 mM glucose) that was aerated with a 95% O2/5% CO2 mixture.Experimental Procedures
Transverse hippocampal slices (400 mm thick) from wild-type and
mutant mice (male or female, 8±12 weeks old) were transferred toGeneration of AC1 and AC8 Double Knockout Mice
a submerged recording chamber containing ACSF (308C). ACSF wasAC1 mutant mice were prepared as previously described (Wu et al.,
continuously perfused through the chamber at a rate of 1±2 ml/1995). The AC8 knockout allele was generated by deletion of exon
min. Recordings were conducted after a 1 hr recovery period. A1 and 2 kb of the 59-flanking region (Muglia et al., 1999) and results
concentric bipolar electrode (100 mm diameter, David Kopf) wasin complete absence of AC8 mRNA (M. L. S. et al., unpublished
used to stimulate the Schaffer collateral afferent fibers in the stratumdata). Disruption of the AC8 gene was directly confirmed by assay
radiatum of the hippocampal CA1 region. Field EPSP synaptic re-of Ca21-stimulated adenylyl cyclase activity in the hippocampus and
sponses were sampled at 0.02 Hz using a test pulse with an intensitycerebellum (Figure 1). In addition, Ca21-stimulated adenylyl cyclase
that produced a half-maximal response. Responses were recordedactivity was also assayed in the hypothalmus, which expresses AC8
with low resistance glass microelectrodes (1±2 mm) filled with 3.0but not AC1. AC8 mutant mice were completely devoid of Ca21-
M NaCl. L-LTP was induced by giving four tetanic trains (100 Hz,stimulated adenylyl cyclase activity in the hypothalmus (data not
200 ms duration) of 20 pulses with an interpulse interval of 6 s (Silvashown). ACI and AC8 homozygote mice were mated to obtain doubly
et al., 1992b). Potentiation was determined by normalizing the fEPSPheterozygotic F1 progeny. F1 mice were then backcrossed to ACI
slope recorded after tetanic stimulation by the average of the base-homozygous mice to afford an F2 progeny with a 1:1 (heterozy-
line fEPSP slope. Traces were sampled and digitized using a Digi-gote:homozygote) distribution at the ACI allele and a 1:1 (wild
data 1200 (Axon Instruments) and collected using Axoscope 1.1type:heterozygote) distribution at the AC8 allele. F2 mice heterozy-
(Axon Instruments). Forskolin was stored in a concentrated stockgous for the AC8 allele and homozygous for the ACI allele were
(50 mM in EtOH) and diluted 1000-fold when applied to the perfusionbackcrossed to afford 25% doubly homozygous mice (DKO mice).
solution.Control mice were derived by backcrossing F2 mice that were het-
erozygous for the ACI allele and wild type for the AC8 allele. Off-
spring from those matings that were wild type for both alleles were Contextual and Cued Fear-Conditioning Studies
Sensitivity of DKO and wild-type animals to foot shock was mea-used as the control strain. The mice used in this study were in a
mixed C57BL/6 3 129/SV background with generation of the mice sured as published (Bourtchuladze et al., 1994). Contextual fear
conditioning was performed as described previously (Impey et al.,with mutations in both AC1 and AC8 derived from heterozygous
offspring from each of the initial chimeras. This ensured that signifi- 1998b). Briefly, context-trained mice were placed into a conditioning
chamber, consisting of a glass enclosure and an electrified floor.cant background drift between mutant allele backgrounds had not
occurred and provided wild-type controls in a comparable genetic On the training day, mice were placed in the chamber and allowed
to roam for 2 min. During this time, baseline freezing behavior wasbackground. In addition, several lines of wild-type and DKO mice
were used to minimize effects due to strain variation. The loss of monitored for each mouse. The mice were then given a mild foot
shock (2 s, 0.7 mA). Mice were left in the training chamber an addi-memory for passive avoidance learning and absence of L-LTP was
seen in three independent lines. Furthermore, the LTP and memory tional 1 min to recover and returned to their home cages. During
testing, mice were returned to the conditioning chamber. Freezingdefects associated with DKO mice were completely overridden by
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behavior was defined as immobility at the sampling time and was Statistical Analysis
For statistical analysis of behavioral experiments, data from malemeasured at 10 s intervals over 2 min. Data was expressed as the
percentage of time freezing over the sampling period. and female mice were collapsed, since ANOVA describing gender
versus either genotype or shock sensitivity revealed no significantCued fear-conditioning experiments were conducted in a manner
similar to contextual with the exception that on training day, a 20 s differences. Experiments were analyzed with one-way ANOVA and
two-factor ANOVA with replication. Posthoc analysis was conductedauditory cue was given immediately prior to the foot shock. On the
day of testing, 24 hr or 8 days after training, the mice were placed with the Tukey's test for significance. The Student's t test was used
for analyzing electrophysiological data and adenylyl cyclase data.into a novel chamber (10 3 19 in, plastic enclosure, scented with
dilute peppermint oil). Baseline freezing in the novel context (pre- All error values are expressed as mean 6 SEM. In all studies, the
investigator was blind to the genotype of the mice.tone) was monitored for 2 min immediately prior to delivering the
cue. Freezing was measured over 2 min in the continuous presence
of the cue (tone).
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